Abstract-The Bayesian land surface temperature estimator previously developed has been extended to include the effects of imperfectly known gain and offset calibration errors. It is possible to treat both gain and offset as nuisance parameters and, by integrating over an uninformative range for their magnitudes, eliminate the dependence of surface temperature and emissivity estimates upon the exact calibration error.
I. INTRODUCTION
A S A practical matter, land surface temperature (LST) estimates retrieved from radiances reported by a remote sensor will be subject to some unavoidable level of calibration error, which need not be very accurately known. While all forms of radiometric data exploitation in remote sensing are afflicted by calibration error to some degree, this problem may be a special concern for the Bayesian multiband LST algorithm [1] . That is because the Bayesian algorithm iterates on a range of plausible surface temperatures, within which the estimated LST value is obtained as an expected value. Should uncompensated calibration errors lead to a temperature interval which does not bracket the true surface temperature, the algorithm in its present form has no way to recover, and may return a surface temperature estimate with degraded accuracy.
This note sketches the extension of Bayesian LST retrieval to include effects of a simple form of unknown calibration error. Perusal of the literature on data reduction for infrared remote sensing indicates the most common form that calibration error can take is uncertainty in the gain and offset parameters relating incident photon flux to sensor output. Accordingly, the calibration error is parameterized as linear in the true aperture radiance.
After a review of the Bayesian approach to LST retrieval, the joint prior probability for the calibration error parameters is obtained by imposing the requirement that two distinct observers agree on its mathematical form. Finally, the Bayesian LST estimator is extended to include linear calibration error by treating the calibration error parameters as nuisance variables, and integrating them out of the final estimators for surface temperature and emissivity.
II. ELEMENTS OF BAYESIAN LST ESTIMATOR
The Bayesian algorithm for land surface temperature retrieval from a cloud-free pixel observed in multiple thermal bands is Manuscript developed in [1] , which may be consulted for details. The approach to LST retrieval presented in that earlier paper consists of the following three elements:
1) The forward model for sensor aperture radiance at wavenumber , assumed linear in surface emissivity (1) is the downwelling irradiance at the surface, and is the the upwelling diffuse radiance from all sources not otherwise included in (1), at nadir optical depth [top of the atmosphere (TOA) for spaceborne sensors; is the cosine of the angle with respect to zenith]. These quantities are obtained from a suitable radiative transfer model. In the thermal infrared, is dominated by atmospheric emission.
is the Planck function at surface temperature . The emissivity is , and the surface reflectance . Note that (1) assumes Lambertian surface reflectance for simplicity. It is also assumed (at least initially) that the sensor has fine spectral resolution.
2) The MAXENT form of the conditional probability of observing radiance [2] , [3] at wavenumber in the presence of noise-equivalent radiance (2) 3) The prior probability of surface temperature and emissivity, given a priori knowledge [1] (3)
For LST retrieval and are permitted an uninformatively large range, e.g., K K and [1] . The posterior probability for the surface temperature and emissivity, given observed radiance and available knowledge, is obtained from these quantities by use of Bayes' theorem (4) 1545-598X/$20.00 © 2006 IEEE
III. CALIBRATION ERROR MODEL
By hypothesis, the physical radiance at wavenumber is related linearly to the reported radiance (5) Both and are assumed to be small quantities (6) (7) It is the physical radiance which goes into (2) . Recalling that the forward model (1) is linear in , the exponent in that expression is (8) which is quadratic in , , and .
IV. PRIOR PROBABILITY FOR CALIBRATION ERROR PARAMETERS
In order to obtain a useable estimator, it is necessary to find the prior probability for the calibration error parameters and [4] . As in [1] , two equally cogent observers must relate their descriptions of radiance, and of calibration error, by a Lorentz transformation [5] , [6] connecting one (primed) coordinate description moving with velocity along the observation axis with respect to the other (unprimed) one by (9) where the Doppler factor is given in terms of the boost parameter (10) by (11) The quantity is real and nonvanishing for physical Lorentz transformations. Let (12) be the prior probability density assigned by Vladimir in the unprimed frame, and (13) be that assigned by Estragon, viewing radiance in the primed frame. The prior probability densities in the two frames are related by (14) where (15) is the Jacobian determinant for the transformation.
Consider first as defined by Vladimir. Suppose that ; then by the Lorentz invariance properties of spectral radiance [5, as must be for any radiance, in particular a noise radiance. By (9) we find
The Jacobian is therefore (24) so Vladimir and Estragon must agree that (25) and, by the principle of indifference [1] , [4] , that
with solution const
Application of Bayes' theorem (4), as in [1] , immediately gives the result that the joint posterior probability of , , , and is proportional to the product of (2), (3), and (27) (28)
V. EXTENDED LST ESTIMATOR
Estimators for and may be constructed from (28) as expectation values in exactly the same manner as in [1] . The treatment of spectral quantities integrated over a passband likewise follows the equivalent discussion in that paper. The contribution of surface emission to the total radiance at the sensor aperture in band is written (29) and similarly for the remaining terms in (1). The form of (28) is unaltered for band-integrated radiances.
The calibration error parameters and are treated as nuisance parameters. One does not care what their actual values are, so long as they lie between specified limits. One is therefore at liberty to integrate (28) over those limits and obtain estimators for In (30) and (31), and have no dependence on exactly what the calibration error parameters and were, for a given reported sensor aperture radiance.
It does not appear feasible to integrate moments of (28) in closed form. However, by integrating over first, it is possible to take advantage of the closed-form result for the LST posterior probability derived in In (34), as in (28), the physical radiance that appears in , , and is related to the sensor radiance by (5). The remaining integration over the nuisance variables and is now two-dimensional, and any integration over to form the expectation value makes for a third quadrature, for the full calculation. This is potentially awkward for routine evaluation, but the computational burden can be alleviated in the following special cases.
1) If one knows a priori that the error is dominated by either the gain or offset term, the less important source of error may be ignored as a first approximation. 2) In a vicarious calibration, the surface temperature may be accurately known. 3) Once is obtained for one pixel in a dataset, expectation values and can be calculated and used in estimation of for other pixels. Should calibration error be slowly varying, estimates of and obtained from one dataset could be used for subsequent ones, or as initial guesses for updated estimates of and . In conclusion, it is possible to extend the Bayesian LST algorithm presented in [1] to compensate for imperfectly known gain and offset calibration errors. Treating the magnitude of these errors as nuisance parameters allows one to eliminate the dependence of surface temperature and emissivity estimates on their exact value by integrating the estimator over a credible range for the error parameters.
